The factors influencing the chromatographic behavior on dextran gels of penicillins and their derivatives were investigated by comparing elution profiles and partition coefficients (KD and KAV) of penicillins differing in side-chain structure and among penicillin derivatives of identical side-chain but different nuclear structure. Under the conditions of pH and ionic strength employed (pH 7.4, 0.145 M NaCl, 0.05 M P04), side-chain adsorptive effects best explained the anomalous behavior of benzylpenicillin and of oxacillin and its chlorine-substituted analogues. Polar side-chain substituents, such as the amino group of ampicillin and the carboxyl group of carbenicillin, and cleavage of the ,3-lactam ring, exemplified by penicilloates and penicilloylamines, both appeared to interfere with side-chain-directed adsorption. The differential adsorption of penicillins and their derivatives to dextran gels is not only of theoretical interest relative to the mechanism of chromatography but of practical application to analytical and preparative procedures in penicillin chemistry.
Dextran gels have been used by a number of workers to study penicillin polymerization and the products of reacting penicillins with larger molecules.
Stewart (29) and Schneider and de Weck (26) used highly cross-linked gels to separate penicilloylated proteins from unconjugated penicillin, and Schneider and de Weck (24, 25) used the same method to separate unreacted monomer penicillin derivatives from penicilloylated polylysines and penicilloylated carbohydrates. Other workers have employed gel filtration chromatography to demonstrate polymerization of penicillins in aqueous solutions (4, 8, 11, 27, 28, 30, 31) . In the course of their studies, some data on chromatography of monomer penicillins was accumulated, but no systematic examination of the factors influencing their chromatographic behavior has been published. Recently, Murakawa et al. (22) have compared the binding of different penicillins to proteins with their gel binding characteristics.
Our own interest in the chromatographic behavior of penicillins arose in the course of studies on the reaction products of penicilloylation and penicillanylation of proteins with radiolabeled penicillins (N. E. Hyslop, Jr., R. J. Milligan, and J. F. Calvert, manuscript in preparation). During the chromatographic separation of conjugated proteins on Sephadex G-25, we observed that the elution volume, Ve, of penicilloic acid, the major side product of the penicilloylation reaction, differed substantially from its precursor of nearly identical molecular weight. Furthermore, the order of elution of the penicillin precursor, 6-aminopenicillanic acid (6-APA), and of two penicillins of different side-chain structure, benzyl penicillin or penicillin G (PG), and oxacillin (OXA), was in inverse relation to their molecular weights. The penicillins and penicillin derivatives studied are shown in Fig. 1 .
In this paper, we describe the chromatographic behavior on Sephadex G-10 and G-25 of dilute solutions of representative penicillins and their penicilloic acid and penicilloylamide derivatives. Chromatography was conducted under conditions of moderate ionic strength, which excluded Donnan salt exclusion effects, and neutral pH. The results suggest that the anomalous KD values observed for penicillins differing in side-chain structure are primarily due to differences in side-chain adsorptive effects (13, 18 
RESULTS
The results of chromatographic experiments are expressed in representative elution profiles and in terms of the standard distribution coefficients KD (1, 13, 14) and KAV (19) Fig. 3 and 4, respectively. Partition coefficients were calculated from elution volumes (Ve). Table 1 presents comparative partition coefficients on BioGel P-2 and acid-treated Sephadex G-10 and also contains averaged KD values derived from individual experiments with radioisotopes on G-10 and G-25F. Table 2 summarizes the partition coefficients determined for both radiolabeled and unlabeled penicillins on Sephadex G-10. When ranked by relative order of elution appearance (Table 2) , it was apparent that differences in molecular weight were not correlated with elution position. However, sidechain structure was correlated with chromatographic behavior as reflected in two types of behavior relating to side chains: AMP and CARB were the only side-chain-bearing penicillins tested whose KD values were <1; and PG, OXA, CLOX, and DICLOX each had KD > 1 and KD -G-10/KD -G-25 > 1. Acid treatment of G-10 gel did not alter the partitioning of any of the three penicillins examined. The polyacrylamide gel BioGel P-2 did not partition penicillins as effectively as did dextran gels.
Apparent partition coefficients of penicillin derivatives: penicilloic acids and penicilloylamides. The common nuclear structure of the penicilrin precursor, 6-APA, and two representative penicillins differing in side-chain structure, PG and OXA, was altered in order to examine the influence of nuclear structure on the chromatographic behavior of intact penicil- Elution profiles on G-25F ofpenicillins with identical side chains and differing nuclear structure: PG, PG0-ate, and PG0-EACA. Native radiolabeled ("IS) benzylpenicillin, PG (0), and its penicilloic (0) and penicilloylamide derivatives (U) were chromatographed. KD 0.563 is marked by the V. of ["iSIH,SO, (-) . Note that some of the PG has decayed while in solution for several days. The difference between the V. of PGO-ate and PG.-EACA is significant and reproducible but is smaller than on G-10 (see Fig. 5 ). 14C penicillins were supplied as approximately 1 mg of dry powder, which necessitated solution, repackaging, and storage to be available for multiple experiments. Therefore, the effect of storage conditions on stability was analyzed by comparing elution profiles of material stored as dried powder at -20 C after lyophilization or as a dilute aqueous solution frozen at -70 C.
The purity of -IS radioisotopes remained constant at >99% over a 2-year period. However, as indicated in Table 4 (Table 4) . Analysis of penicilloylation reaction by gel chromatography of reaction products. The efficiency of the penicilloylation reaction was studied by chromatographing the products of the reaction and analyzing the number of peaks, their KD values, and the area beneath the peaks (Fig. 5, 6, and 7) . This was the only means for examining the efficiency of the penicilloylation of EACA with 6-APA, as neither 6-APA,-ate nor 6-APA.-EACA reacts with p-hydroxymercuribenzoate to form the penamaldate, in contrast to comparable derivatives of PG and OXA (26) .
When penicilloylamides have substantially different KD values from the penicilloic acid derivative, this method allows quantitative analysis of reaction efficiency. Figure 7 demonstrates its application to the analysis of penicilloylation of EACA with 6-APA. The identification of the reaction products formed can be improved by chromatographing the reaction products on G-10 instead of G-25, where there is a greater difference in KD values of the penicilloic acid and the penicilloylamides and by using longer columns to enhance the separation of the derivatives. 
DISCUSSION
Penicillins are especially interesting probes for analyzing the mechanism of dextran gel chromatography of small molecules because in their intact form the penicillins are organic acids of common heterocyclic nucleus and varying side-chain structure. A rich array of sidechain differences is found in the commercially available penicillins, and derivatives can be prepared in which only the nuclear structure is altered, as represented by the penicilloates. As observed in these experiments and those of Murakawa and colleagues (22) , the penicillins and their derivatives do not behave identically in dextran gel chromatography. Each of the penicillins examined had a unique partition coefficient, which was not predictable from its molecular weight, and the penicilloic and penicilloylamide derivatives which were examined differed substantially from their precursor in their partition behavior.
Although the behavior of penicillins in dextran gel chromatography may be explained on several grounds, the phenomena observed appear to have predictive value for the behavior of penicillins in other interactions, notably protein binding (22) . Recent studies by Hsu et al. (16) suggest that the interacting site on proteins is hydrophobic in character and that differences in binding constants are related to the hydrophobic or hydrophilic nature of substituent functions on the penicillin side chain.
The partitioning of penicillins in dextran gel chromatography could be based on this same property of relative hydrophobia. This characteristic can be assigned a numerical value by determining partition coefficients of penicillins in octanol-water mixtures, followed by calculation of Hansch constants (15) . According to Hansch and Steward (15) the partitioning of penicillins between aqueous and nonaqueous phases may be predicted from these values, which reflect the relative "lipophilic" character of the molecule. Although the Hansch constant is an attractive method for rationalizing the biological activity of penicillins (5) (15) . However, summing of substituent constants does not always correctly predict the value for the whole molecule, as group interactions may occur which are not possible in the parts (17) . Therefore correlation of behavior of penicillins in dextran gel chromatography with their respective Hansch constants must await their direct measurement for the penicillins, penicilloic acids, and penicilloylamides examined in this study.
The behavior of penicillins, penicilloic acids, and penicilloylamides in liquid chromatography on dextran gels can be explained in terms of concepts derived from chromatographic studies with other organic compounds (2, 3, 6, 10, 33) . In these terms the behavior of any solute-in liquid chromatography on dextran gels is a combination of molecular sieving and gel-solute interactions.
The behavior of noninteracting or "ideal" solutes is a function of steric hindrance to gel 03 60 X !40xg I-1' U permeation. The critical factor for the gel is average pore size and for the solute is molecular size, as expressed in terms of Stokes radii (1, 14) .
The behavior of interacting or "nonideal" solutes is termed anomalous behavior (13) . Nonideal or anomalous behavior is characterized by elution positions and profiles that would not be predicted from considerations of steric hindrance to gel penetration as imposed by solute molecular size and average pore size of a specific gel. Anomalous behavior is therefore recognizable by the occurrence of either premature or delayed appearance of Ve, as compared to a noninteracting standard of identical molecular size. Another manifestation is asymmetry of the elution profile. Both phenomena may occur together. KD values reflect elution volumes, and symmetry of the elution profile is tested by dividing the area in front (F) of the Ve by the back area (B). When symmetry exists, F/B = 1 (23) . Elution profiles of the compounds studied were reasonably symmetrical.
By definition the solvent equilibrates com- Tables 1 and 3) . Use of chromatography to study penicilloylation of EACA by 6-APA. Penicilloyl and penicilloate derivatives of 6-APA do not form the penamaldate. Therefore, the efficiency of 6-APA penicilloylation was studied by chromatographing 3S-labeled products of the reaction conducted with EACA at 25% molar excess (U) and at 10 molar excess (0). Elution profiles of reaction products were compared with the elution profiles of the penicilloate derivative, penicilloic acid, or 6-APA0-ate (0), and native 6-APA (0), as shown in this composite figure. Unlike penicilloylation with PG (Fig. 5) or OXA (Fig. 6) , a 25% molar excess of EACA was insufficient to prevent formation of significant amounts of penicilloate. The pletely with the liquid phase of the gel-liquid system. Therefore the KD for the solvent is 1, and noninteracting solutes should have a KD Of < 1. When solutes interact with the gel so as to retard elution beyond the solvent elution volume, the KD of the solute will be > 1. KD values of > 1 therefore indicate anomalous behavior, as was observed for several intact penicillins on both dextran gels but not on polyacrylamide gels.
Gel-solute interactions can also produce premature elution, in which case KD will be <1 and could be misinterpreted as indicating no interaction. To recognize when KD <1 represents anomalous behavior it is necessary to calibrate the system with an "ideal" or noninteracting standard solute of identical molecular size. By identifying anomalously low KD values, ion exclusion effects and the presence of complexes and polymers can be recognized (13, 14, 18) . In an analogous manner, Dennen (8) and others have used K,Av of monomeric penicillins as a marker in searching for penicillin polymers.
Several types of interactions can occur between gel and solute which cause anomalous behavior.
Electrostatic repulsion may cause anomalously low KD values and electrostatic attraction anomalously high KD values. Electrostatic effects are due to ionized groups in the dextran (12) , which exert maximal effect on charged solutes in deionized water (13, 18, 23) . The KD values of penicillins in deionized water are substantially reduced over KD values observed in the presence of NaCl (22) , presumably due to electrostatic repulsion attributable to the C, carboxyl and other ionizable substituents. Electrostatic effects can be abrogated by saturation of the ion-exchange sites with rather trivial amounts of NaCl incorporated into gel, solute, and eluting buffers, as was done in our experiments. In the absence of electrostatic effects, it is apparent from our data and that of Murakawa et al. (22) that adsorption of penicillin to gel is the principal determinant governing the behavior of most intact penicillins on highly crosslinked dextran gels. Furthermore, these adsorptive effects are attributable to the side-chain structure, and when the nucleus is intact the side-chain structure can be used to predict relative elution positions and KD values.
Direct evidence for the preeminence of adsorption as the factor governing the chromatographic behavior of penicillins is severalfold. First, nearly all penicillins tested exhibited anomalous behavior (KD> 1) in the presence of sufficient electrolyte to abolish any electrostatic attraction. Exceptions were AMP and CARB.
Second, for penicillins with KD > 1, KD values were enhanced rather than diminished on G-10 as compared to G-25, consistent with observations of greater adsorption with higher degrees of cross-linking (10) . Third, KD values were also enhanced by very high molarities of salt (22), also a consistent feature of adsorptive behavior (18) .
Evidence pointing to the side-chain structure as responsible for the adsorption effects comes from several observations. First, all intact penicillins except AMP, CARB, and methicillin showed increasing KD values with increasing side-chain complexity and molecular weight.
Second, the increase in KD value with increasing side-chain complexity was limited to penicillins whose additional substituents are either rich in ir bonds (e.g., the methoxazol group) or where the substituent directly enhances the intrinsic adsorptivity of the benzyl ring. Thus, the addition of methoxy groups to the phenoxy group (methicillin) had a mild inhibitory effect (22) Adsorption is a property associated with highly cross-linked gels and is presumed to arise from interactions between solute and ether groupings in the gel (10) . The greater the degree of cross-linking, the greater is the content of ether groupings and the extent of adsorption effects. Hydroxyalkylation of G-25 to produce LH-20 has a similar effect (10) . The strength of the adsorptive interaction for substances in aqueous solutions may be enhanced by high concentration of electrolyte (e.g., 3 M NaCl). Jansen (18) attributes enhancement of gelsolute interaction by electrolyte to a smaller layer of hydration surrounding the solute molecule.
Compounds exhibiting adsorbance characteristically have a rich 7r-electron structure, an extending system of double bonds, or a planar configuration. Each of these characteristics may be found in penicillins and, to varying degrees, penicilloic acids and penicilloylamides. Aromatic substituents, such as occur in side chains, regularly are adsorptive.
The adsorptive behavior of a molecule is strongly influenced by the presence of ionizable substituents and whether or not they are ionized (2, 6) . Ionized substituents interfere with adsorbance contributions of other functions, such as the benzyl ring in derivatives of benzyl penicillin: the reduced KD values of AMP and CARB, which differ from PG by an -NH2 and a -COOH function, respectively, illustrate this principle.
The mechanism by which ionizable substituents interfere with adsorptive phenomona is not completely clear. It is not due to simple ion exclusion since interference occurs in the presence of high concentration of electrolyte. Jansen (18) has suggested that ionization may cause rearrangement of 7r electrons. Enlargement of molecular size resulting from hydration of the ionized solute may also contribute to hindrance of gel-solute interactions, as shown for inorganic salts by Neddermeyer and Rogers (23) virtue of the C7 -C-N-function but have larger effective molecular size due to the sevenmember R2 side chain. Additional evidence for steric hindrance of penicilloates comes from comparison of KD values on G-10 and G-25. Although the intact penicillins that showed adsorptivity on G-25 showed greater adsorptivity on the more highly cross-linked G-10 gel, their penicilloic acid derivatives showed the greatest interference with adsorptivity on the same gel. These results suggest that the smaller pore size of the more highly cross-linked gel resulted in increased steric hindrance of solute access to the adsorptive sites.
An alternative explanation would be that greater cross-linking provides increased numbers of hydrophobic sites in the gel. By increasing the number of ionized groups on the penicillin molecule, the hydrophobic nature of the side chain is opposed by the hydrophilic character of the ionizable groups. This hypothesis would be consistent with the results observed with intact penicillins and their penicilloic acid and penicilloylamide derivatives.
The behavior of 6-APA was of interest because of its relationship to the penicillin nucleus. Differing by the introduction of an -NH2 function at C,, any adsorptivity intrinsic to the heterocyclic ring system of 6-APA was subject to inhibition by this extra ionizable substituent. Under the conditions employed, 6-APA gave no evidence of adsorptive behavior and appeared to be governed solely by steric considerations, as indicated by the reduction of KD values on the more highly cross-linked gel. Progressively smaller KD values for 6-APA.-ate and 6-APA0-EACA were observed, as would be expected by applying either the steric hindrance hypothesis or the hydrophobic hypothesis.
These hypotheses seem to be valid explanations for the chromatographic behavior of penicillins observed in these experiments. It must be emphasized that the stated partition coefficients in the tables are valid only for the conditions under which the data was collected. The influence of pH on the chromatography of solutes bearing ionizable substituents can be profound and is clearly applicable to all penicillins and their derivatives. In their study of the effect of pH on observed KD values of organic acids and bases, Brook and Housely (2) demonstrated a striking relationship between pH titration curves and observed adsorptive behavior.
They concluded that KD values of molecules with ionizable substituents were only valid when given for a specified pH value. They turned this observation to inventive use in separating related molecules differing only in pKa values.
Knowledge of the factors influencing the chromatographic behavior of penicillins has both theoretical and practical application. Gelsolute interactions between penicillins and highly cross-linked dextran gels appear to be an excellent model for predicting protein binding of penicillins (22) . Moreover, Crone and Keen (7) suggest that gel-solute interactions also have relevance to transport of solutes across biological membranes.
Several practical applications are apparent besides the established use of gel chromatography to separate penicilloylated and penicillanylated macromolecules from reaction systems (25; N. E. Hyslop, Jr., R. J. Milligan, and J. F. Calvert, manuscript in preparation) and penicillin polymers from solution (11, 30) . Quantitative analysis of chemical reactions is possible, as shown by our experiments on the penicilloylation of EACA with 6-APA, and chromatographic resolution can undoubtedly be improved with appropriate manipulations of pH and ionic strength. Gel chromatography of penicillins is also useful for preparative separation of penicillins from degradation products and could be adapted to the identification of the latter in biological fluids.
